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Adsorption of LiHMDS on LiF surface can be explained by strong interactions of Si in 

LiHMDS with F in LiF surface and N in LHMDS with Li in LiF.  Stable Si-N-Li-F ring 

structures were reported in solution chemistry previously.36-38  

 The growth of LiF ALD film on the silicon wafer is relatively linear having the growth 

rate of 0.5-0.6 Å /cycle measured by X-ray reflectivity (XRR) and by spectroscopic ellipsometry 

(SE).  The density of the films grown >400 cycles of LiF ALD measured by XRR is 2.6 g /cm3.  

The bulk density of LiF is 2.64 g /cm.3,34  The close agreement with the bulk LiF density 

suggests LiF ALD is crystalline.  GIXRD confirmed the LiF film grown using 800 cycles of LiF 

ALD at 150°C was crystalline.  LiF films grown by other vacuum techniques also show 

crystallinity.10,20,39   Thin films prepared using 100 cycles and 200 cycles of ALD show 2.0 g 

/cm3 and 2.5 g /cm3 less dense films probably due to nucleation delay.  The films grown using 

800 cycles of LiF ALD have a roughness of 50 – 60 Å  as modeled by XRR and SE.  The growth 

rate calculated using a MGPC obtained by QCM experiment and the density measured by XRR 

yields 0.5 Å /cycle.  The thickness, the film density, and film roughness of LiF film do not show 

noticeable changes after storage in atmosphere after one month.  These results indicate LiF 

grown by ALD is not hygroscopic in the atmosphere.  Refractive index were measured at the 

wavelength of 589 nm obtained by SE based on the Sellmeier model.  The Sellmeier model is 

commonly used for optically transparent films such as metal fluoride films.30,40  The extinction 

coefficient is zero because LiF ALD film are transparent in the range of between 240 nm and 

1700 nm due to the wide band gap =13.6 eV.3,13  This refractive index of 1.37 is achieved at 400 

cycles of ALD.  This refractive index of 1.37 is consistent with 1.394,10 at 590 nm for the bulk 

LiF4,10, 1.3910 at 600 nm for the film grown by thermal evaporation and 1.37–1.3920 grown by 

ALD using Li(thmd) and TiF4.   
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∆MMn(EtCp)2

MGPC
=

∆MMn(EtCp)2

∆MMn(EtCp)2+∆MHF
=  

𝑀Mn(EtCp)2−x∙𝑀𝐻𝐶𝑝Et

𝑀𝑀𝑛𝐹2
     (8) 

In equation 8, MMn(EtCp)2 , MHF, MHCpEt, and MMnF2 are the molar masses of Mn(EtCp)2, HF, 

HCpEt, and MnF2 respectively.   

The equation for x is: 

𝑥 =
1

𝑀HCpEt
[𝑀𝑀𝑛(𝐸𝑡𝐶𝑝)2 − 𝑀𝑀𝑛𝐹2(

∆MM𝑛(𝐸𝑡𝐶𝑝)2

MGPC
)] =

1

94.2
[241.2 − 92.9(

∆MMn(EtCp)2

MGPC
)]  (9) 

The ∆MMn(EtCp)2/MGPC ratio and x can be determined from the mass changes obtained by the 

QCM measurements.  A ∆MMn(EtCp)2/MGPC ratio of 2.6 was determined from the QCM 

measurements at 150°C.  This ratio of 2.6 is close to the ratio of 2.6 based on the proposed 

mechanism in Figure10 where x=0.  x values ≈ 0 for MgF2, MnF2, and ZnF2, and LiF. 

MnF2 is a weak Lewis acid.  MnF2 can not interact with F in HF.  The F in Mn-F* species 

on the surface can act as a Lewis base.  A Lewis acid-base interaction is expected between Mn-

F* and Mn(EtCp)2. 

MgF2 is also weak Lewis acid.39 Lewis acidity of ZnF2 is lower than MgF2:
40  LiF is 

weak Lewis base.39  MgF2, ZnF2, and LiF have little interaction with F in HF.  There is not 

enough room for HF coordination on metal fluorides such as MnF2 and MgF2, and LiF.  Metal 

fluorides such as MnF2 and MgF2 do not have a strong Lewis acid-base interaction with HF.  

Mn(EtCp)2 and Mn(EtCp)2 are not strong Lewis acids.  LiHMDS is a Lewis base.   

 

4.3H.  Ex situ Film Characterization Using XRR, SE, and XPS 
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Figure 4-11. Sputter depth profile of (a) ZrF4 film; (b) HfF4 film measured by X-ray 

photoelectron spectroscopy.   
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 Figure 11a shows an X-ray photoelectron spectroscopy (XPS) sputter depth profile of an 

ZrF4 ALD film grown with TEMAZ and HF.  Most of the film is zirconium and fluorine after 

removal of the adventitious surface carbon.  Some oxygen impurities >4-5% are detected at the 

film surface.  This may indicate some strong interaction of ZrF4 with the moisture.41  Oxygen 

impurities in the bulk film of ~1.1% may result from water that could be produced in the reaction  

of HF with metal oxide inside the stainless steel reactor.  Carbon impurities in the film are 

detected at ~3.4 at%.  Nitrogen impurities are below the detection limit of XPS.  The ratio 

between the calibrated zirconium and fluorine in XPS signals is less than 1:2.  This result is 

consistent with the XPS result of AlF3 and LiF ALD film having off stoichiometry.23-25  Other 

techniques such as Rutherford backscattering spectrum (RBS) confirmed that the AlF3 film was 

stoichiometric even though XPS of AlF3 was not stoichiometric.23,24  The preferential sputtering 

of fluorine may explain the low fluorine signals.13,14,24,42 

ZrF4 ALD film grown with ZTB and HF was also analyzed by XPS sputter depth profile.  

ZrF4 ALD film grown with ZTB and HF has no carbon in the film.  However, oxygen impurities 

are detected at ~10%.  This unexpected high oxygen impurities in the ZrF4 film grown with ZTB 

precursor may suggest that the inclusion of oxygen originated from alkoxide ligand.  ZTB 

precursor is very moisture sensitive.  This may also suggest that the film is not stable to air to 

form the partial oxide in the fluoride film.   

Figure 11b shows an XPS sputter depth profile of an HfF4 ALD film grown with 

TDMAH and HF.  The film consists of entirely hafnium and fluorine after removal of 

adventitious surface carbon.  Oxygen, carbon, and nitrogen impurities are not detected in the 

HfF4 film.  The ratio between the calibrated hafnium and fluorine determined by XPS signals is 
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less than 1:2.5 again quite off from stoichiometric HfF4 probably due to the preferential 

sputtering of F. 

Other metal fluorides films were also analyzed by XPS sputter depth profile.  MnF2 ALD 

film has oxygen impurities of ~0.9% in the film.  Carbon impurities are not detected in the MnF2 

ALD film.  The ratio between the calibrated manganese and fluorine determined by XPS signals 

was 1:2.4.   

MgF2 ALD film consists of magnesium and fluorine having oxygen impurities of ~1.0 % 

in the film.  Carbon impurities are not detected in the MgF2 film.  The ratio between the 

calibrated magnesium and fluorine determined by XPS signals was 1:1.3.   

The film density of metal fluoride films are determined by XRR and are summarized in 

Table 3.  All densities of metal fluorides are >93% of the bulk density.  More than 100% density 

for ZrF4 grown by ZTB and HF is attributed to ~10% of oxygen impurity in ZrF4 grown using 

ZTB.  The density of d= 5.68 g/cm3 for bulk ZrO2 is much higher than the density of for bulk 

ZrF4.
31  

Figure 12 shows the refractive indices of the metal fluoride ALD films in the spectral 

range between 240 and 1700 nm using the Sellmeier model.  The refractive index measured by 

SE at 589 nm was also summarized in Table 3.  The highest refractive index n=1.55 for ZrF4 

ALD film and n=1.55 for HfF4 ALD film were obtained grown by TEMAZ and TDMAH 

respectively.  ZrF4 ALD film grown by ZTB has higher refractive index n=1.62 due to ~10% 

oxygen impurity.  Other fluoride films have consistent refractive indices with the reported ones.  

The lowest refractive index n=1.36 for AlF3 ALD film and n=1.37 for LiF ALD film were 

obtained.    
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Table 4-3. Metal fluorides, acronym of metal precursors, growth rate at 150°C, density, and 

the refractive index. 

  

Metal 

Fluorides 

Metal 

Precursor 

Growth rate   

at 150°C 

(Å/cycle) 

Density 

(g/cm
3

) 

n 

at 589nm 

ZrF
4
 TEMAZ 0.9 4.1 1.55 

ZrF
4
 ZTB 0.6 4.7 1.62 

HfF
4
 TDMAH 0.8 6.8 1.55 

MnF
2
 Mn(EtCp)

2
 0.4 3.8 1.50 

MgF
2
 Mg(EtCp)

2
 0.4 3.1 1.40 

ZnF
2
 DEZ 0.7 4.9 1.49 

AlF
3
 TMA 1.0 2.9 1.36 

LiF LiHMDS 0.5 2.6 1.37 
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Figure 4-12. Refractive index for metal fluorides ALD films grown at 150 °C in the spectral 

range between 240 and 1700 nm using the Sellmeier model. 
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4.4.  Conclusions 

Metal fluorides ALD films were grown at 150oC using various metal precursors and HF 

from HF-pyridine as the reactants.  The Metal fluorides ALD was examined using in situ quartz 

crystal microbalance (QCM).  The growth rate for metal fluorides ALD obtained from in situ 

QCM and ex situ X-ray reflectivity (XRR) and spectroscopic ellipsometry (SE) measurements 

showed very good agreements.  XPS measurements showed that most of the metal fluorides 

ALD films were pure fluoride films having little oxygen impurity of ~1 at%.  Metal fluorides 

ALD may be useful for a number of applications such as ultraviolet optical films, and Lewis acid 

catalytic films.  
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CHAPTER 5 

 

 

Atomic Layer Etching of Al2O3 Using Sequential, Self-Limiting Thermal Reactions with 

Sn(acac)2 and HF  

 

 

5.1.  Introduction    

 Atomic layer deposition (ALD) is a thin film growth technique based on sequential, self-

limiting surface reactions.1  ALD can deposit extremely conformal thin films with atomic layer 

control.  ALD has developed rapidly over the last 10-15 years to meet many industrial needs 

such as the miniaturization of semiconductor devices.1  ALD can deposit a wide range of 

materials from metal oxides to metals.2  ALD is typically accomplished using thermal chemistry.  

However, sometimes plasma ALD is employed to enhance the surface reactions.3 

In contrast, atomic layer etching (ALE) is a thin film removal technique based on 

sequential, self-limiting surface reactions.4-6  ALE can be viewed as the reversal of ALD.  ALE 

should be able to remove thin films conformally and isotropically with atomic layer control.  

Compared with the large number of ALD processes,2 ALE processes have not been defined for 

as many materials.  In addition, no thermal chemical processes have been reported for ALE.  The 

ALE processes that have been reported have used excitation such as ion-enhanced or energetic 
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noble gas atom-enhanced surface reactions.4-6  Most of the reported ALE processes have 

adsorbed a halogen on the surface of the material.  Ion or noble gas atom bombardment is then 

used to desorb halogen compounds that etch the material.4-6   

Most of the reports of ALE have focused on the ALE of Si, Ge, compound 

semiconductors, oxides and carbon substrates.  Si ALE has been accomplished using either Cl or 

F adsorption that is subsequently followed by the removal of silicon halides using Ar+ ion 

bombardment.5-10  Very similar approaches are employed for Ge ALE.11-12  Alternative 

approaches for Si ALE utilize energetic neutral Ar beam bombardment.13  GaAs ALE has been 

demonstrated using Cl adsorption followed by excitation with either Ar+ ions,14 100 eV 

electrons,15 or UV radiation.16-17  InP ALE has also been accomplished using Cl adsorption and 

energetic neutral Ne beam bombardment.18 

The ALE of a variety of oxides have been reported based on the adsorption of Cl using 

BCl3 and the removal of chloride compounds using an energetic Ar atom neutral beam.  This 

approach has been used for the ALE of Al2O3,
19 HfO2,

20 ZrO2,
21 and TiO2.

22  SiO2 ALE has also 

been performed using fluorocarbon adsorption followed by Ar+ ion bombardment.23-24  The ALE 

of various carbon substrates have also been accomplished using oxygen radical adsorption 

followed by material removal using Ar+ ion bombardment or an energetic Ar neutral beam.  This 

approach has been demonstrated for graphite,25 graphene26 and polymer material.27 

Developing thermal self-limiting ALE reactions that are the reversal of ALD reactions 

will be difficult.  Thermal ALD reactions are typically exothermic and extremely favorable 

thermochemical reactions.1  These thermal reactions are spontaneous with negative G values 

where G is the Gibbs free energy.  Performing ALD reactions in reverse will not occur because 

of these thermodynamic considerations.  The challenge for thermal ALE reactions is to find 
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alternative, self-limiting, reactions with different reactants that are exothermic and display 

negative G values to ensure a spontaneous reaction.   

In this paper, sequential exposures of tin(II) acetylacetonate (Sn(acac)2) and hydrogen 

fluoride (HF) are employed for the thermal ALE of Al2O3.  The thermal Al2O3 ALE reactions are 

examined using quartz crystal microbalance (QCM) studies.  The Al2O3 film thicknesses are 

measured using x-ray reflectivity (XRR) analysis.  The QCM and XRR measurements can 

determine if the Al2O3 etching is linear versus the number of Sn(acac)2 and HF reaction cycles.  

The QCM measurements can evaluate whether the Al2O3 ALE is self-limiting versus the 

Sn(acac)2 and HF exposure times.  This new method for ALE based on sequential, self-limiting, 

thermal reactions with Sn(acac)2 and HF as the reactants broadens the strategies for ALE 

reactions.   

5.2.  Results & Discussion 

Figure 1 shows the mass change during 100 ALE cycles of Sn(acac)2 and HF reactions on 

an Al2O3 surface at 200°C.  The initial Al2O3 ALD film on the QCM surface was prepared by 

100 cycles of Al2O3 ALD using TMA and H2O at 200°C.  One ALE cycle consisted of a 

Sn(acac)2 dose of 1 s, an N2 purge of 30 s, a HF dose of 1 s, and a second N2 purge of 30 s.  This 

reaction sequence is denoted as 1-30-1-30.  Pressure transients during Sn(acac)2 and HF doses 

were 20 mTorr and 80 mTorr, respectively. 

The etching of the Al2O3 film in Figure 1 is very linear and displays a mass change per 

cycle (MCPC) = -8.4 ng/(cm2 cycle).  This MCPC corresponds to an etch rate of 0.28 Å /cycle 

based on the Al2O3 ALD film density of 3.0 g/cm3 measured by XRR.  All ALE cycles show 
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mass loss resulting from the etching of the Al2O3 film except during the first ALE cycle.  The 

first cycle displays mass gains of ∆MSn = 57 ng/cm2 and ∆MHF = 13 ng/cm2.   

The mass gain for ∆MSn on the first cycle is attributed to Sn(acac)2 adsorption on the 

hydroxylated Al2O3 surface.  Sn(acac)2 could adsorb either molecularly as Sn(acac)2* or 

dissociatively as Sn(acac)* and (acac)* where the asterisks designate a surface species.  This 

adsorption would lead to a mass increase.  In addition, the mass gain for ∆MHF on the first cycle 

is attributed to the formation of AlF3 by the reaction of HF with the underlying Al2O3 surface.  

The reaction Al2O3 + 6HF  2AlF3 + 3H2O is spontaneous with G= -58 kcal at 200°C.28  AlF3 

formation has also been confirmed by in situ Fourier transform infrared (FTIR) spectroscopy 

studies that will be presented in another publication.29  The first cycle of Sn(acac)2 and HF 

exposures establishes the initial Sn(acac)2 and AlF3 species on the Al2O3 substrate.  

Figure 2 shows an enlargement of the mass losses versus time at 200°C for three cycles 

in the steady state linear etching regime in Figure 1.  There is a gradual mass decrease after a 

short mass gain coinciding with the Sn(acac)2 exposure.  This behavior suggests Sn(acac)2 

adsorption followed by either Sn(acac)2 desorption and/or the removal of reaction products.  A 

mass loss of ∆MSn = -8.1 ng/cm2 was observed after 1 s of Sn(acac)2 exposure.  In contrast, the 

HF exposure leads to little mass loss.  A mass loss of ∆MHF = -0.28 ng/cm2 was observed after 1 

s of HF exposure.   
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Figure 5-1 Mass change versus time for Al2O3 ALE using sequential Sn(acac)2 and HF 

exposures at 200°C. 
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Figure 5-2 Expansion of linear region of Figure 5-1 showing the individual mass changes 

during the sequential Sn(acac)2 and HF exposures at 200°C. 
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Figure 3 examines the self-limiting nature of the Al2O3 ALE reactions at 200°C.  These 

MCPCs were measured versus different reactant exposure times.  Figure 3a shows the self-

limiting behavior of the Sn(acac)2 reaction using different Sn(acac)2 exposure times with a single 

1 s exposure of HF.  A constant N2 purge of 30 s was used after each exposure.  This reaction 

sequence can be denoted as x-30-1-30.  The MCPC versus Sn(acac)2 exposure time decreases 

quickly and levels off at MCPC = -8 ng/(cm2 cycle).   

Figure 3b examines the self-limiting behavior of the HF reaction using different HF 

exposure times with a single 1 s exposure of Sn(acac)2.  This reaction sequence can be denoted 

as 1-30-x-30.  The MCPC versus HF exposure time deceases and then levels off.  The slow 

change in the MCPC beyond -8 ng/(cm2 cycle) for longer HF exposures > 1 s is believed to be 

caused by larger HF background pressures and longer HF residence times that lead to some 

chemical vapor etching (CVE) during the Sn(acac)2 exposures.  Figures 3a and 3b together show 

that the Sn(acac)2 and HF reactions display nearly self-limiting behavior.  The MCPC = -8 

ng/(cm2 cycle) for 1 s exposures of Sn(acac)2 and HF was independent of purge time for purge 

times between 20 s and 120 s.   

Figure 4 shows the mass change during 100 ALE cycles of Sn(acac)2 and HF reactions on 

an Al2O3 surface at 150°C using a reaction sequence of 1-30-1-30.  The initial Al2O3 film was 

prepared by 100 cycles of Al2O3 ALD using TMA and H2O at 150°C.  The etching of the Al2O3 

film is very linear with MCPC = -4.1 ng/(cm2 cycle).  This MCPC corresponds to an etch rate of 

0.14 Å /cycle based on the Al2O3 ALD film density of 3.0 g/cm3 measured by XRR.   
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Figure 5-3 Mass change per cycle (MCPC) versus precursor exposure time at 200°C for (a) 

Sn(acac)2 and (b) HF.   
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Figure 5-4 Mass change versus time for Al2O3 ALE using sequential Sn(acac)2 and HF 

exposures at 150°C. 
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Figure 5 shows an enlargement of the mass losses versus time at 150°C for three cycles 

in the steady state linear etching regime in Figure 4.  There are distinct differences between the 

mass changes during the etching reactions at 200°C and 150°C.  A mass gain of ∆MSn = +0.19 

ng/cm2 was observed after the Sn(acac)2 exposure for 1 s at 150°C.  In contrast, a mass loss of 

∆MSn = -8.1 ng/cm2 was obtained at 200°C.  This difference may be attributed to more stable 

Sn(acac)2 reaction products on the surface at 150°C.   

A mass decrease of ∆MHF = -4.3 ng/cm2 was observed after the HF exposure for 1 s at 

150°C.  This mass decrease is much larger than the mass decrease of ∆MHF = -0.28 ng/cm2 at 

200°C.  However, if more Sn(acac)2 reaction products remain on the surface following the 

Sn(acac)2 exposure at 150°C, then more Sn(acac)2 reaction products can be lost during the HF 

reaction.  This behavior would explain the mass gain after the Sn(acac)2 exposure and larger 

mass loss after the HF exposure at 150°C.   

The ∆MSn, ∆MHF, and MCPC values at all the reaction temperatures are shown in Figure 

6.  All ALE reactions were performed using a reaction sequence of 1-30-1-30 on initial Al2O3 

surfaces.  Figure 6a displays the ∆MSn and ∆MHF values obtained at different reaction 

temperatures.  ∆MSn displays a slight mass gain at 150°C and progressively larger mass losses at 

higher temperatures.  In contrast, ∆MHF displays a mass loss at temperatures between 150-200°C 

and mass gains at higher temperatures.   

Figure 6b shows the MCPC where MCPC = ∆MSn + ∆MHF.  All the temperatures display 

a mass loss and the mass loss is larger at higher temperatures.  The MCPC in Figure 6b 

correlates well with ∆MSn in Figure 6a.  This correspondence shows that the mass change during 

the Sn(acac)2 reaction is primarily responsible for the temperature dependence of the mass loss  
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Figure 5-5 Expansion of linear region of Figure 5-4 showing the individual mass changes 

during the sequential Sn(acac)2 and HF exposures at 150°C. 
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Figure 5-6 Temperature dependence of (a) ΔMSn and ΔMHF and (b) MCPC for Al2O3 ALE.   
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during Al2O3 ALE.  ∆MSn, ∆MHF, and MCPC at the different reaction temperatures are 

summarized in Table 1.  

Al2O3 ALE was also examined using ex situ XRR studies.  For these experiments, Al2O3 

ALD films with a thickness of 172 Å  were grown on Si(100) wafers at 200°C.  These Al2O3 

ALD films were deposited using 150 cycles of TMA and H2O with a reaction sequence of 1-20-

1-20.  Figure 7 displays XRR scans of the Al2O3 ALD films on the Si wafers versus number of 

Sn(acac)2 and HF reaction cycles at 200°C.  The XRR scans have been displaced from each other 

for clarity in presentation.  These XRR scans are consistent with very uniform and smooth Al2O3 

films. 

Figure 7a shows the XRR scan of the initial Al2O3 ALD film grown on Si(100).  The 

Al2O3 ALD film thickness of 172 Å  can be obtained by fitting the reflected x-ray intensity versus 

incident angle.  Figure 7b, 7c, 7d, and 7e show XRR scans of the etched Al2O3 film after 50, 100, 

200, and 400 ALE cycles at 200°C, respectively.  The Al2O3 thicknesses decrease with 

increasing number of ALE cycles.  This decreasing film thickness is revealed by the longer 

modulation periods for the x-ray intensity versus angle after higher numbers of ALE cycles.  The 

position of the critical angle of all the etched Al2O3 films is also constant.  This constant critical 

angle indicates that there is no change of the film density during the ALE reactions.   

The etched Al2O3 films are very smooth and do not roughen versus Al2O3 ALE.  The 

XRR measurements yielded a roughness of the initial Al2O3 ALD film of ~5 Å .  The surface 

roughness obtained by XRR analysis then decreased to ~2-3 Å  after 50, 100, 200, and 400 ALE  

 

 

 


